Millimeter-wave rotational spectrum of trans-acrolein (propenal) (CH 2 CHCOH) produced by applying a DC glow discharge through a low-pressure (∼10-20 mTorr) flow of allyl alcohol (CH 2 CHCH 2 OH) vapor has been observed in the ground and several excited torsional states in the frequency region: 60.0-99.0 GHz. A least-square analysis of the measured and previously reported rotational transition frequencies has produced a set of rotational and centrifugal distortion constants for the ground as well as excited torsional states. Detailed DFT calculations were also carried out with various functional and basis sets to evaluate the spectroscopic constants, dipole moment, and various structural parameters of the trans conformer of propenal for the ground state and compared with their corresponding experimental values. A linear variation of the inertia defect values with torsional quantum number (v = 0, 1, 2, 3) demonstrates that the equilibrium configuration of trans-propenal is planar.
Introduction
The trans form of propenal (CH 2 CHCOH) also known as trans-acrolein has been detected largely in absorption toward the star-forming region Sagittarius B2(N) by Hollis et al. [2] through the observation of rotational transitions using 100 m Green Bank Telescope (GBT) operating in the frequency range from 18.0 GHz to 26.0 GHz. Spectroscopic measurements in the microwave [1, 3] , infrared [4] , and near ultraviolet region [5, 6] have confirmed that the transform is the most abundant and stable conformer of acrolein. The first microwave study of trans-acrolein in the J = 2←1, 3←2, and 4←3 a-type R-branch transitions was reported by Wagner et al. [3] . Later on, Cherniak and Costain [1] have measured both a-and b-type transitions for J = 2←1 and J = 3←2. First spectroscopic evidence of the existence of the less abundant cis-conformer of acrolein in the gas phase was found from studies of the near ultraviolet spectrum [7, 8] . Later on, cis-acrolein were detected in argon matrices [9, 10] and in the gas-phase Raman spectrum [11] . The first microwave detection of the cis form of acrolein in the gas phase was reported by Blom and Bauder [12] . They have reported the ground state rotational, quartic centrifugal distortion constants as well as dipole moment values. Blom et al. [13] also reported the complete substitution structures of both trans and cis conformers. The dipole moment values of the trans and cis-form of acrolein have been found to be μ = 3.117 ± 0.004 D [13] and μ = 2.552 ± 0, 003 D [12] respectively. Winnewisser [14] have extended the analysis of the ground state of the trans-form of acrolein to the millimeter-wave region up to 180.0 GHz which has yielded a set of ground state rotational and centrifugal distortion Table 1 : Microwave and millimeter wave rotational transition frequencies of trans-propenal (CH 2 CHCOH) in the ground and excited torsional states (in MHz.).
Transitions
Torsional levels [15] . Very recently, 10 μm high-resolution rotational spectral analysis of the ν 11 , ν 16 , ν 14 and ν 16 + ν 18 − ν 18 bands of trans-acrolein were reported by Xu et al. [16] . In all the previous works transacrolein (propenal) was either procured commercially or prepared chemically.
Production, identification, and spectroscopic characterization of new stable and transient molecules by applying a DC glow discharge through a low-pressure flow of gas or a mixture of gases inside an absorption cell have become a well-established area of research in the field of molecular spectroscopy [21] . Recently, Jaman et. al have reported analysis of the millimeter-wave rotational spectra of propyne (CH 3 CCH) [22] and propynal (HCCCOH) [23] produced by DC glow discharge technique and carried out detailed DFT calculations for both the molecules to evaluate the spectroscopic constants and molecular parameters and compared them with their respective experimental values. In the present communication, we report the analysis of the ground state (v = 0) as well as several torsional excited states (v = 1, 2, 3) rotational spectra of trans-propenal produced by a DC glow discharge through a lowpressure flow of allyl alcohol (CH 2 CHCH 2 OH) vapor in the frequency region 60.0-99.0 GHz. Asymmetric-top K −1 K +1structures of different J+1←J transitions which falls under this frequency range have been observed and measured. The measured rotational transition frequencies along with the previously reported frequencies were fitted to standard Table 2 : Ground state rotational and centrifugal distortion constants of trans-propenal (CH 2 CHCOH).
Constants
Global fit using microwave and millimeter wave data DFT calculation asymmetric-top Hamiltonian to determine the rotational and centrifugal distortion (CD) constants for the ground as well as excited torsional states. A detailed quantum chemical Table 3 : Excited-state spectroscopic constants of trans-propenal (CH 2 CHCOH). [17] , l [18] , m [19] , n [20] .
calculation was also carried out to evaluate the spectroscopic constants, dipole moment, and the structural parameters of the trans conformer of propenal. Finally, the experimentally determined rotational and CD constants were compared with the best set of values obtained after a series of DFT calculations.
Experimental Details
The spectrometer used in the present work is basically a 50 kHz source-modulated system combined with a free space glass discharge cell of 1.5 m in length and 10 cm in diameter. The cell is fitted with two Teflon lenses at each end. A high voltage DC regulated power supply (6 kV, 1300 mA) procured from Glassman, Japan was used to apply a DC voltage through a flow of low pressure precursor gases. The cell is connected with a high vacuum pump at one end and to the sample holder section through a glass port on the other.
Klystrons and Gunn diodes followed by frequency doubler (Millitech model MUD-15-H23F0 and MUD-10-LF000) have been used as radiation sources. Millimeter wave radiation was fed into the cell by a waveguide horn and Teflon lens. A similar horn and lens arrangement was used to focus the millimeter-wave power onto the detector after propagating through the cell. The output frequency of the millimeter wave radiation was frequency modulated by a bidirectional square-wave of 50 kHz [24] and the signal from the detector (Millitech model DBT-15-RP000 and DXP-10-RPFW0) was amplified by a 100 kHz tuned preamplifier and detected by a phase-sensitive lock in amplifier in the 2f mode. The output of the lock in amplifier was connected to an oscilloscope or a chart recorder for signal display. The spectrometer was calibrated by measuring standard OCS signals in the entire frequency range. After calibration, the uncertainty in frequency measurement has been estimated to be ±0.10 MHz. A block diagram of the spectrometer is shown in Figure 1 . Details of the spectrometer used have been described elsewhere [25, 26] .
Propenal (CH 2 CHCOH) was produced inside the absorption cell by applying a DC glow discharge through a low pressure (∼5-10 mTorr) flow of allyl alcohol (CH 2 CHCH 2 OH) vapor. The discharge current was maintained at around 5 mA with an applied voltage of 1.0 kV. A mechanical on/off type discharge was found to be suitable to observe good signals of propenal. Signals could be observed at room temperature. However, a controlled flow of liquid nitrogen vapor through the cell helps in improving the signal intensity. The observed signals of propenal appeared as sharp lines immediately after the DC discharge was applied but started losing intensity with time.
Computational Method
Quantum chemical computations were performed using GAUSSIAN 09W package [27] . Density functional methods with various functionals were used to calculate the structural parameters, dipole moment, total energy (sum of electronic and zero point energy) as well as the rotational and centrifugal distortion constants of trans-propenal. The geometry optimization was carried out using different functionals like Becke 3-term correlation functional(B3LYP) with basis sets 6-31+g(d, p) to 6-311++g(d, 2p), Becke three-Parameter hybrid functional and Perdew/Wang 91 nonlocal correlation functional (B3PW91) method with different basis sets from 6-31 g to 6-311++g(d, 2p), modified Perdew-Wang oneparameter hybrid model taking basis sets from 6-31 g to 6-311++g(d, 2p) and Perdew, Burke, and Ernzerhof functional (PBEPBE) with the basis sets 6-311 g to 6-311++g(d, 2p). The frequency calculation along with its anharmonicity was done on optimized geometry. The objective of this DFT calculation is to compare the structural parameters and rotational constants of trans-propenal with the experimentally observed values in its ground state. The molecular drawing is done by using GAUSSVIEW5.0 [28].
Rotational Spectrum and Analysis

Ground State.
The ground state rotational spectrum of the trans conformer of propenal was predicted in the frequency range 60.0-99.0 GHz using the rotational and centrifugal distortion constants reported earlier [14] . J = 7←6 to J = 11←10 series of transitions along with their different K −1 K +1 components falls within this frequency range. Different components in each J+1←J series were measured. The observed lines were found very close to their predicted values. Finally, 224 a-and b-type R-and Q-branch transitions consisting of all previous microwave [1, 3] , millimeter-wave [14] , and present data were used to perform a kind of global fit to the semirigid rotor Watson's S-reduction Hamiltonian (I r -representation) [29] to determine a set of three rotational, five quartic, and two sextic centrifugal distortion constants. The shifts in frequency of the absorption lines from their rigid rotor positions due to centrifugal distortion effect were found to be less than that of propynal [23] . The observed and measured transition frequencies by us corresponding to J = 7←6 to 11←10 series are listed in Table 1 . The ground state spectroscopic constants obtained for trans-propenal using the global fit are listed in Table 2 . The small negative value of the inertia defect (Δ = −0.018 uÅ 2 ) demonstrates that the equilibrium configuration of trans-propenal is planar. The agreement between the derived set of spectroscopic constants and those obtained earlier [1, 3, 14] with commercial samples indicates that the newly assigned transition frequencies of Table 1 definitely belong to trans-acrolein (trans-propenal), a discharge product of allyl alcohol vapor. Figure 2 shows the observed trace of the K −1 = 3 doublet of J = 9←8 transition immediately after the DC discharge was applied. The trace remained visible for a couple of minutes on the oscilloscope screen with gradually diminishing intensity.
Excited Torsional States.
From an analysis of the ultraviolet [5] and far infrared spectrum [4] of acrolein vapor the first four excited torsional levels were found to lie around 157 cm −1 (v = 1), 312 cm −1 (v = 2), 468 cm −1 (v = 3) and 623 cm −1 (v = 4), respectively. Wagner et al. [3] have reported a few low J transitions of trans-acrolein in the 18.0-36.0 GHz for the first three (v = 1, v = 2 and v = 3) excited torsional states and determined only the rotational constants B and C for each of these excited states. In this work, we have extended the analysis of rotational transitions in each of the above three excited states up to 99.0 GHz which has resulted in the determination of three rotational and two quartic centrifugal distortion constants for all the three torsional excited states. The new assigned transitions along with those reported earlier [3] are also shown in Table 1 along with the ground state transitions. The excited state data were also used to fit to the same semirigid rotor Watson's S-reduction Hamiltonian (I r -representation) [29] . Three rotational and two quartic (D J and D JK ) CD constants were used to fit the data. The contribution of other CD parameters was found to be negligible while fitting the excited state data. The derived spectroscopic constants and inertia defect values for the three torsional excited states are shown in Table 3 . The more negative inertia defect values for successive torsional excited states indicate that the excited state lines arise from an out-of-plane vibration, in this case, COH group torsion about C-C single bond. The observed inertia defect values for the ground and torsional excited states of trans-propenal and some other related molecules are compared in Table 4 . The plots of inertia defect values with torsional quantum numbers for trans-propenal along with other molecules are shown in Figure 3 for comparison.
Computational Results.
Propenal is a slightly asymmetric prolate top molecule (κ = −0.9806). The optimization of geometry for the trans conformer of propenal was tested by employing various levels of theory and basis sets. However, the computed rotational and centrifugal distortion constants and the structural parameters obtained with model MPW1PW91 model with 6-31++g(d, 2p) basis set were found to be in good agreement with the observed values. Calculated values of ground state rotational constants of trans-propenal obtained with various models and basis sets are shown in Table 5 . Results obtained with DFT MPW1PW91/6-31++g(d, 2p) have been compared with the corresponding experimental values in Table 2 . For optimized geometry of trans-propenal the calculated energy 
Models
Basis sets
Bond angles between H2-C1-H3 H2-C1-C4 H3-C1-C4 C1-C4-H5 C1-C4-H6 H5-C4-C6 C4-C6-H7 C4-C6-O8 H7-C6-O8 6-31+g(d,p) 116 
Conclusion
An efficient method of generating trans-propenal (transacrolein) in the gas phase by applying a DC glow discharge through a low pressure vapor of allyl alcohol inside the absorption cell has been presented. The gas phase rotational spectra of the trans conformer of propenal produced in this way has been recorded and analyzed in the frequency range 60.0-99.0 GHz for the ground as well as three torsional excited states (v = 1, 2 and 3). The asymmetric top K −1 K +1components of different transitions having J values 6 to 10 have been measured. The observed transition frequencies along with the previously reported data [1, 3, 14] were fitted to a standard asymmetric-top Watson's S-reduction Hamiltonian (I r -representation) to determine ground state rotational and centrifugal distortion constants. Analysis of the rotational transitions for the three excited torsional states has been extended up to 99.0 GHz which has enabled us to determine the three rotational and two centrifugal distortion constants. The small negative value of the inertia defect (Δ = −0.018 uÅ 2 ) in the ground vibrational state (v = 0) and the linear variation of the inertia defect values with torsional quantum number (v = 1, 2, 3) demonstrate that the equilibrium configuration of trans-propenal is planar as noticed in case of 3-fluorobenzaldehyde, benzoyl fluoride, (Figure 4) . The existence of a slightly bent or twisted-COH group would have resulted in a zigzag behavior in the variation of inertia defect values with torsional quantum number as observed in the case of 2-fluorostyrene ( Figure 4) . To compare the experimental results with theory, DFT calculations were performed using various models and basis sets. However, it was found that MPW1PW91 model with 6-31++g (d, 2p) basis set produced the best values of rotational and quartric centrifugal distortion constants which are close to the experimental values.
